Nucleoredoxin (NXN) is a redox-regulating protein potentially targeted by reactive oxygen species (ROS). It regulates molecular pathways that participate in several key cellular processes. However, the role of NXN in the alcohol liver disease (ALD) redox regulation has not been fully understood. Here, we investigated the effects of ethanol and ethanol plus lipopolysaccharide, a two-hit liver injury model (Ethanol/LPS), on NXN/dishevelled (DVL) interaction and on DVL-dependent phosphoinositides production both in mouse liver and in a co-culture system consisting of human hepatic stellate cells (HSC) and ethanol metabolizing-VL17A human hepatocyte cells. Ethanol and two-hit model increased Nxn protein and mRNA expression, and 4-hydroxynonenal adducts. Two-hit model promoted Nxn nuclear translocation and Dvl/Phosphatidylinositol 4-kinase type-IIα (Pi4k2a) interaction ratio but surprisingly decreased Dvl protein and mRNA levels and reverted ethanol-induced Nxn/Dvl and Dvl/frizzled (Fzd) interaction ratios. Ethanol resulted in a significant increase of Dvl protein and mRNA expression, and decreased Nxn/Dvl interaction ratio but promoted the interaction of Dvl with Fzd and Pi4k2a; formation of this complex induced phosphatidylinositol 4-phosphate [PI(4)P] production. Ethanol and LPS treatments provoked similar alterations on NXN/DVL interaction and its downstream effect in HSC/VL17A coculture system. Interestingly, ROS and glutathione levels as well as most of ethanol-induced alterations were modified by NXN overexpression in the co-culture system. In conclusion, two-hit model of ethanol exposure disrupts NXN/DVL homeostatic status to allow DVL/FZD/PI4K2A complex formation and stimulates PI(4)P production. These results provide a new mechanism showing that NXN also participates in the regulation of phosphoinositides production that is altered by ethanol during alcoholic liver disease progression.
Introduction
Alcoholic liver disease (ALD) is a complex process involving a spectrum of progressive molecular and morphological alterations starting from steatosis toward steatohepatitis, fibrosis, cirrhosis, and about 15% of patients with established alcoholic cirrhosis develop hepatocellular carcinoma [1] . These alterations are closely linked to the imbalance in cellular redox status since reactive oxygen species (ROS) produced due to chronic ethanol consumption play a key role in pathophysiology of ALD. However, ethanol per se, is not solely responsible for ROS production and ALD progression. There are strong experimental evidences showing that ethanol induces leaky gut leading to the release of lipopolysaccharides (LPS), a bacterial-derived endotoxin, into the bloodstream; the released LPS potentiate liver injury initiated by ethanol through an inflammatory-dependent mechanism. This phenomenon has been proposed as a two-hit mechanism of the pathogenesis of ALD; thus, while the first hit is the direct result of ethanol-induced oxidative stress the second hit is by LPS that perpetuate the damage not only in the liver [2] [3] [4] [5] but also in others organs such as heart [6] . A number of experimental evidences strongly support the two-hit model of ALD (for details review Ref. [2] ). In normal physiological conditions, the intracellular redox status depends on the balance between pro-oxidants production and endogenous antioxidant activity where the excessive ROS production is generally counteracted by ubiquitously expressed antioxidant molecules such as glutathione, glutaredoxin and thioredoxin (TXN). However, when ROS levels induced by ethanol and LPS exceed the capacity of the endogenous antioxidants, cells are exposed to oxidative stress which causes severe dysfunctions or cell death; therefore, redox balance plays a critical role in the alcohol-mediated cellular fate. It is well known that the main role of antioxidant molecules is to sense and balance the fluctuations of the intracellular ROS levels; however, increasing interest has been paid to their role as redox sensor and intermediary signaling regulator in response to oxidative stress [7] .
Nucleoredoxin (NXN), a redox-regulating protein of the TXN family, is a potential target of ROS. Several studies have revealed that NXN regulates different signaling pathways in a redox-dependent manner. NXN is a key player in the redox regulation of the Wingless (WNT)/β-catenin signaling pathway, which is critical in the cell physiology and its dysregulation is related to carcinogenesis [8, 9] . NXN negatively regulates WNT/β-catenin pathway by interacting with Dishevelled (DVL), an essential mediator in the Wnt signaling; however, increased ROS production might dissociate this interaction which enables DVL to activate the downstream WNT/β-catenin signaling pathway [9] . Hayashi et al reported that NXN also negatively mediates Toll-like receptor-4/Myeloid differentiation primary response gene-88 (TLR4/ MYD88) signaling pathway by recruiting Flightless-I (FLII) to MYD88 and regulates the nuclear translocation of NF-κB, a transcription factor that modulates innate immunity and inflammation [10] . Furthermore, NXN also interacts with protein phosphatase-2A (PP2A), an enzyme that participates in DNA replication and cell differentiation processes [11] ; with SEC63, a protein that might be involved in protein transport into the endoplasmic reticulum (ER) [12] ; and with phosphofructokinase-1 (PFK-1), a glycolytic enzyme that its alteration contributes in multiple human diseases such as cancer [13] . These evidences place NXN redox sensor as the hub of different redox sensitive pathways and thus implicate NXN in the homeostatic functioning of several cellular processes such as immunity, inflammation and cell migration, DNA replication and cell differentiation, protein transport into the ER and glycolysis. Recently, we have shown that acetaldehyde, the first metabolite of ethanol oxidation, mediates β-catenin in a WNTindependent pathway through the imbalance of NXN/DVL interaction ratio that in turn induces β-catenin nuclear translocation and activates fibrogenesis in human hepatic stellate cells (HSC) [14] . If acetaldehyde is able to destabilize NXN/DVL interaction in vitro, then it is logical that ethanol-induced oxidative stress in vivo leads to the disruption of NXN interactions; however, this phenomenon still remains unexplored. Therefore, we hypothesize that chronic ethanol consumption impairs NXN/DVL interaction ratio and subsequently alters DVL-dependent phosphoinositides (PIs) production during ALD progression. Thus, here we determine the effects of chronic ethanol consumption on the status of NXN interaction with DVL in the mouse liver and in a co-culture system consisting of human HSC and ethanol metabolizing-VL17A hepatocyte-like cells and overexpressing NXN. Our findings show a new mechanism by which, in addition to all cellular processes above described, NXN also participates in the regulation of phosphatidylinositol 4-phosphate [PI(4)P] production, which is altered during the ALD progression.
Materials and methods

Animals
Animals received proper care in accordance with the Institutional Animal Use and Care Committee of the Veteran Affairs Medical Center and of The George Washington University. Animals were subjected to a chronic ethanol/binge model, a widely used model that includes the high-fat Lieber-DeCarli diet regime plus single-binge of ethanol to induce the early stage of ALD [15] . In the present study, we have further modified it by including an acute treatment with lipopolysaccharide (LPS) because of the fact that chronic ethanol exposure leads to leaky gut resulting in the release of endotoxin to cause further damage to the liver. Thus, after an acclimatization period, six-week-old female wildtype C57BL/6 mice (body wt ∼20 g) were randomized into control, Ethanol/Binge and Ethanol/Binge/LPS groups (six mice per group). Animals were fed ad libitum and housed in a controlled environment with a 12 h light/dark cycle. The high-fat Lieber-DeCarli liquid diet was used with a 16 days ramp-up period divided in 2 days per alcohol concentration as follow: control diet (0), 1, 2, 2.5, 3, 3.5, 4 and 4.5%, and then 5% ethanol for 4 weeks to mimic the consequences of ethanol in human alcoholics, in mice liver [16] . Control group (C) was pair-fed with a isocaloric diet; Ethanol/Binge group (E) was fed with 5% (w/v) ethanol diet for 4 weeks and then it received a single oral dose of 3.2 g ethanol per kg body wt (stock solution of 32% w/v ethanol in saline), as previously reported [4, 15, 17] ; Ethanol/Binge/LPS group, simplified as two-hit model (TH) [2] [3] [4] [5] 15] , was treated similarly as the Ethanol/ Binge group, but in addition, each animal also received a single dose of lipopolysaccharides (LPS, 2 mg/kg, i.p. Sigma; St. Louis, MO). Lipopolysaccharides doses were selected according to previous investigations where the acute LPS effects on ALD models were evaluated [2] . Six hours after ethanol and/or LPS administration, each animal was euthanatized by exsanguination under isoflurane anesthesia. Immediately, plasma was separated from the blood and a piece of the dissected liver was split and saved in Trizol reagents (Life Technologies, Grand Island, NY) for mRNA extraction. Other pieces were processed for total, cytosolic and nuclear protein extracts and for confocal microscopy. All collected samples were stored at −75°C for further analyses.
Cell cultures
Hepatic stellate cells were isolated from human livers obtained during gastric bypass surgery for morbid obesity by the pronase-collagenase method as previously described [14, 18] . Activated HSC were grown to confluence in Dulbecco's modified Eagle's medium F12 (DMEM-F12, from ATCC; Manassas, VA) supplemented with 10% (v/v) fetal bovine serum (FBS, HyClone; Thermo Fisher Scientific. Waltham, MA) and 1% (v/v) penicillin/streptomycin (Sigma; St. Louis, MO). VL17A cells were a courtesy of Dr. Dahn L. Clemens from the Liver Study Unit, VA Medical Center, Omaha; Nebraska. Briefly, VL17A cells are HepG2 cells that constitutively express both cytochrome P450 2E1 (CYP2E1) and alcohol dehydrogenase (ADH) enzymes, were generated as previously described [19] . These cells were grown to confluence in similar culture medium than activated HSC but in addition, it was supplemented with 5 mg/l insulin-transferrinsodium selenite (ITS, Roche, Branchburg, NJ) and dexamethasone 10 ─7 M (Sigma; St. Louis, MO). Geneticin and Zeocin (400 mg/l; Life Technologies, Grand Island, NY) were added to the culture media as selective antibiotics. Co-cultures of HSC/VL17A cells were cultured in ratio of 1:10 to closely mimic the conditions in whole liver in vivo [20] . Co-cultures were grown to semi-confluence in DMEM-F12 supplemented with 10% (v/v) FBS, 1% (v/v) penicillin/streptomycin, 5 mg/l ITS and dexamethasone 10 ─7 M.
Eighteen hours before ethanol exposure, culture medium was replaced for DMEM-F12-reduced FBS (0.1%, v/v) medium to synchronize cells activity and then cells were subjected to different treatments indicated below.
Nucleoredoxin transfection and treatments
Co-cultures were transfected with 1 μg/ml of NXN or empty vector 
Lipid extraction and phosphatidylinositol 4-phosphate [PI(4)P] quantification
For lipids extraction from mice livers (∼50 mg), tissues were homogenized in 0.5 ml of ice-cold PBS buffer supplied with Complete and PhosSTOP (Roche; Branchburg, NJ) as protease and phosphatase inhibitor cocktail, respectively. Lipids extracted from co-culture cells were obtained by mixing the cell pellets (∼1.5 × 10 6 cells/pellet) with the same buffer used for lipid extraction from mice liver. A 10 μl aliquot was separated for protein quantification. Lipid extraction procedure was carried out as previously described [21, 22] . Lipid extracts were dissolved directly in ethanol at room temperature, loaded into a microplate, and dried under vacuum; then, PI(4)P concentration was determined by enzyme linked immunosorbent assay (ELISA) by using a mouse anti-PI(4)P IgM antibody (ZP004; Echelon Biosciences Inc. Salt Lake City, UT), as previously reported [21] . Negative controls were incubated only with secondary antibody and their optical densities were considered as blank values. Peroxidase activity was detected using TMB peroxidase substrate kit (Vector Labs. Burlingame, CA) and the signal was measured at 650 nm.
Quantitative PCR analysis
Synthesis of cDNA was performed from 1 μg of total RNA using the M-MLV Reverse Transcriptase (Life Technologies, Grand Island, NY), according to the provider instructions. Real-time quantitative polymerase chain reactions (qPCR) were performed using Power SYBR® PCR Master Mix in a StepOneplus Real Time PCR-System (Life Technologies, Grand Island, NY) and fluorescence was measured in each elongation step. Mice primer sequences for Nxn (NM_008750.5) were 5′-TGGTGG GAAAATGAATAGCC-3′ and 5′-GCTGAATCTTGGGAAGATGG-3′; for Dvl1 (NM_001356381.1) were 5′-CCTGGGACTACCTCCAGACA-3′ and 5′-CATGGTGGAGTCTGTGATGC-3′; for Dvl2 (NM_007888.3) were 5′-CTCATGACCAGTGAGCTGGA-3′ and 5′-CTTCTCCATGTTGAGCG TGA-3′; for Dvl3 (NM_007889.3) were 5′-CGCCTCATGAGAAGACA CAA-3′ and 5′-ATCACCTCGCTCATTGCTTT-3′; and for 18s (NM_011296.2) were 5′-CAGAAGGATGTGAAGGATGG-3′ and 5′-CAGT GGTCTTGGTGTGCTGA-3′. Transcription products were normalized using 18s as reference gene and quantified by comparative ΔΔCT method as previously described [23] .
Protein extraction
Total protein extracts were prepared as previously reported [14] . Briefly, lysis buffer contained 50 mM Tris (pH 8), 150 mM NaCl, 200 mM EDTA, 100 mM NaF, 10 mM sodium pyrophosphate, 2 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 0.5% (v/v) NP-40, (All from Sigma; St. Louis, MO), Complete and PhosSTOP (Roche, Branchburg, NJ). Lysates were incubated on rocking for 30 min, centrifuged at 16000g for 10 min at 4°C and stored at −75°C for further analyses. Cytosolic and nuclear protein from mice liver and co-culture cells were extracted as previously described with some modifications [24] . While frozen hepatic tissues (∼100 mg) were first homogenized in 1.0 ml of ice-cold lysis buffer A, cells were washed once with ice-cold PBS and then lysed in 0.5 ml of the same buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA (All from Sigma; St. Louis, MO), Complete and PhoSTOP (Roche, Branchburg, NJ). Lysed samples were incubated on ice for 15 min with occasional mixing. Then, 30 μl of 10% NP-40 solution was added; vortexed vigorously for 15 sec, centrifuged for 30 sec at 16000g and supernatant was stored at −75°C as the cytosolic protein fraction. Pellets containing intact nuclei were washed twice in buffer A, resuspended in ice-cold buffer B [20 mM HEPES, pH 7.9, 0.4 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.6% NP-40 (All from Sigma; St. Louis, MO), Complete and PhoSTOP (Roche, Branchburg, NJ)], rocked in a shaking platform for 15 min at 4°C, centrifuged in a microcentrifuge for 30 min at 16,000g and supernatant was stored at −75°C as the nuclear protein fraction for further analyses. All procedures were performed at 4°C to reduce protein degradation.
Western blot analysis
Equivalent amounts of boiled protein in Laemmli's buffer were analyzed through SDS-PAGE and transferred to a PVDF membrane. Antibodies against NXN (GTX107039) and ADH1 (GTX62515) were purchased from GeneTex Inc (Irvine, CA); CYP2E1 (ab28146) was purchased from Abcam (Cambridge, MA); DVL (goat-G19 and mouse-B4), DVL1 (3F12), DVL2 (H75), DVL3 (4D3), PI4K2A (H40), FZD (H300), Lamin B (M20), and 4-hydroxynonenal (4-HNE; P16) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA); and β-actin (A5441) and Vinculin (V9131) were purchased from Sigma (St. Louis, MO). Protein loading was confirmed by reprobing the blots with anti-β-actin or anti-Lamin B for cytosolic and nuclear fractions, respectively. Densitometric analyses were carried out using ImageJ software (NIH).
Immunofluorescence staining
Co-cultures plated in two well chamber slides were rinsed twice in ice-cold PBS, fixed with 4% formaldehyde in PBS (pH 7.4) for 10 min at room temperature, washed three times and incubated for 1 h with washing solution [0.25% Triton X-100 in PBS (PBST)]. Then, co-cultures were blocked with 1% BSA in PBST for 30 min at room temperature and mouse anti-Vinculin (1:400) and rabbit anti-CYP2E1 (1:1000) were incubated overnight at 4°C in blocking solution. After washing, co-cultures were incubated for 1 h at room temperature in the dark either with Alexa Fluor 488 donkey anti-mouse 1:500 or with Alexa Fluor 568 donkey anti-rabbit 1:500 (Life technologies, Grand Island, NY) for Vinculin and CYP2E1 detection, respectively. Nuclear DNA was stained with ToPro 1:500 (Life Technologies, Grand Island, NY) for 30 min at room temperature, respectively. Finally, co-cultures were rinsed, drained and fixed using Prolong Gold antifade reagent (Life Technologies, Grand Island, NY). Pictures were captured using Zeiss LSM 710 Axio Observer confocal microscopy.
Reactive oxygen species and glutathione determination
Reactive oxygen species (ROS) were determined in black 96-well microplates by labeling approximately 7 × 10 3 cells/well with 25 μM of 2′,7′-dichoroflurescein diacetate (DCFDA) for 30 min at 37°C in the dark; then, co-cultures were treated with ethanol for 48 h followed by LPS for 3 h. Fluorescence intensity was measured at 535 nm (excitation at 485 nm). Glutathione (GSH) content was determined after alcohol and/or LPS treatments according to the GSH assay kit instructions (CS0260, Sigma, St. Louis, MO) [25] .
Immunoprecipitation (IP) assay
Total protein from liver tissues and cell co-cultures were processed in the ice-cold lysis buffer containing 20 mM Tris-Cl, pH 7.8, 137 mM NaCl, 1% (v/v) Nonidet P40, 10% (v/v) glycerol, 2 mM EDTA (All from Sigma; St. Louis, MO), supplied with Complete and PhoSTOP (Roche, Branchburg, NJ) as previously described [14] . Proteins of interest were immunoprecitated with protein A/G Plus-Agarose complex beads (sc2003, Santa Cruz Biotechnology, Santa Cruz, CA) and either mouse anti-Dvl or mouse anti-DVL3 for mice and co-culture samples, respectively. Co-precipitated were normalized by reprobing the blots to detect the constant regions (heavy chains) of the immunoglobulins used for IP assay [26] .
Statistical analyses
Statistical analyses were performed using GraphPad Prism 7.0 software. Data calculations were performed using either one-way ANOVA followed by Bonferroni's post-hoc test for multiple comparison or Student t-test when only two groups were compared. All experiments were performed at least in triplicate. Data are expressed as mean ± S.E.M. Differences were considered significant when p < 0.05.
Results
Ethanol chronic consumption alters Nxn and Dvl status in mice liver
We explored the effects of Ethanol/Binge (E) as well as Ethanol/ binge/LPS (TH) model on Nxn status. Both models significantly increased more than 2.0 (p < 0.001) and 2 (p = 0.02) fold Nxn mRNA expression and 1.6 (p = 0.004) and 1.5 (p = 0.007) total protein levels, respectively, compared to the controls (Fig. 1A-B) . Ethanol/Binge and Ethanol/Binge/LPS showed a differential effect on Nxn protein compartmentalization. While increased Nxn protein levels were retained in the cytosol by Ethanol/Binge (1.5 fold, p = 0.03), Ethanol/Binge/LPS model reduced it by 33% (p = 0.03). In contrast, Ethanol/Binge/LPS induced the nuclear translocation of Nxn by 1.5 (p = 0.03) fold (Fig. 1C-D) . When we also investigated the effects of these models on Dvl status, we found that Dvl protein levels were increased more than 1.6 (p = 0.02) fold by Ethanol/Binge, but this increment was abolished 50% (p = 0.03) by Ethanol/Binge/LPS model compared to the controls ( Fig. 2A) . Once we found that ethanol altered total Dvl protein levels, we then determined the involvement of the Dvl homologs (Dvl1, Dvl2 and Dvl3) in this process [27] . We found that Dvl1 and Dvl2 mRNA expression were not significantly affected by either model; however, Dvl3 was increased 1.2 (p = 0.008) fold by Ethanol/Binge but decreased 34% (p = 0.02) by Ethanol/Binge/LPS model compared to the controls (Fig. 2B) . At protein level, Dvl1 was not detected in the liver samples and Dvl2 was diminished by 58% (p = 0.02) by Ethanol/ Binge/LPS model, while Dvl3 levels were induced 2.5 (p = 0.01) fold by Ethanol/Binge, but this increment was diminished at controls levels by Ethanol/Binge/LPS model effect (Fig. 2C ).
Disruption of Nxn/Dvl interaction by ethanol promotes PI(4)P production in vivo
To determine the oxidative ethanol effects on the redox sensitive Nxn/Dvl interaction, we first evaluated the levels of 4-HNE protein adducts. As expected, formation of 4-HNE was increased 1.8 (p = 0.005) fold by Ethanol/Binge and Ethanol/Binge/LPS models compared to controls (Fig. 3A) . Immunoprecipitation analysis revealed that Nxn, Fzd and Pi4k2a proteins were efficiently coimmumoprecipitated by an anti-Dvl antibody and confirmed Dvl induction by Ethanol/ Fig. 1 . Effect of ethanol and LPS on Nxn status in the mice liver. Total, cytosolic and nuclear protein, and total RNA extracted from livers of female wild-type C57BL/ 6 mice were used for western blot and qPCR analyses, respectively. (A) Nxn mRNA expression and (B) total protein levels of Nxn. (C) Cytosolic and (D) nuclear Nxn compartmentalized levels. mRNA expression was normalized to 18 s mRNA and cytosolic and nuclear protein levels were normalized to β-actin and Lamin B levels, respectively; these were used as house-keeping controls. Values are expressed as fold change compared to controls. Bars represent the mean ± SE. Statistically different from * C and from & E groups, p < .05. C, Control; E, Ethanol/Binge; TH, Ethanol/Binge/LPS model. Binge ( Fig. 2A and 3A) . Ethanol/Binge decreased the Nxn/Dvl complex binding ratio by 54% (p = 0.001); unexpectedly, Ethanol/Binge/LPS model partially restored this ratio. In contrast, Fzd/Dvl complex binding ratio was significantly increased more than 1.5 (p = 0.004) fold by Ethanol/Binge, but this increment was reverted to control levels by the Ethanol/Binge/LPS model. Both models also increased Pi4k2a levels more than 1.4 (p = 0.008) fold compared to the controls, (Fig. 3B) . Additionally, since production of PI(4)P depends on Dvl/Fzd/Pi4k2a complex formation [21] , we then performed ELISA analyses in order to investigate the ethanol effect on PI(4)P production. Interestingly, we
found that both models stimulated more than 1.7 (p < 0.005) fold the production of PI(4)P compared to the controls (Fig. 3C ).
Ethanol effect on NXN-dependent regulation in an in vitro model
First, by immunofluorescence analyses we determined the expression of vinculin, a HSC marker [28] , and that of CYP2E1 to confirm its induction by ethanol in VL17A cells. As shown in Fig. 4A , vinculin was detected in both HSC and VL17A cells; however, CYP2E1 overexpression was stimulated by ethanol only in VL17A cells. After NXN Fig. 4 . Ethanol and LPS effects on CYP2E1, ADH1 and NXN expression levels in the HSC/VL17A co-culture system. For immunofluorescence, co-cultures were plated in two-well chamber slides and then cells were exposed to 100 mM ethanol for 48 h. (A) Analysis was performed in 4% formaldehyde fixed cells with mouse antiVinculin and rabbit anti-CYP2E1 antibodies and nuclei were staining with ToPro. Arrows show HSC and VL17A cells. (B) Efficiency of NXN transfection. Co-cultures were transfected either with 1 μg/ml of empty vector (EV) or NXN expressing vector and total protein was extracted after 48 h. (C) Co-cultures were exposed to 100 mM ethanol for 48 h and then LPS (1 μg/ml) was added and incubated for 3 h. Total protein was extracted and CYP2E1, ADH1 and NXN levels were determined by western blot. Protein levels were normalized to β-actin; this was used as house-keeping control. Three independent experiments were carried out in duplicated. Values are expressed as fold change compared to controls. Bars represent the mean ± SE. Statistically different from * C and # N groups, p < .05. C, Control; E, Ethanol; L, LPS; EL, Ethanol plus LPS. These groups were transfected with EV which were called untransfected cells. N, NXN-transfected cells; these cells were also exposed to E, L and EL treatments; NE, NL and NEL, respectively. transfection in the co-culture system, we determined the transfection efficiency (Fig. 4B) . Then, to discard a possible adverse effect of NXN transfection on VL17A cells overexpressing CYP2E1 and ADH1, we determined their protein levels in co-cultures treated with ethanol and/ or LPS to mimic the Ethanol/Binge and Ethanol/Binge/LPS models in our in vitro system. As shown in Fig. 4C , NXN transfection did not affect the induction of both CYP2E1 and ADH1 by ethanol exposure. Neither CYP2A1 nor ADH1 basal protein levels were affected by NXN transfection. Ethanol induced CYP2E1 by at least 6 fold and more than 2 fold change in ADH1 protein levels (p < 0.001). Nucleoredoxin protein levels were induced 1.6 (p = 0.003) and 1.4 (p < 0.001) fold change by ethanol in untransfected and NXN-transfected cells, respectively, compared to their respective controls. Conversely, LPS alone or in combination with ethanol partially interfered on NXN expression induced by ethanol.
Then we evaluated both cytosolic and nuclear NXN compartmentalization after ethanol and/or LPS treatments. Fig. 5A shows that NXN levels increased more than 6 and 1.4 fold change (p < 0.001) by ethanol effect in cytosolic fraction of NXN-transfected cells compared to untransfected and NXN-transfected controls, respectively. Neither ethanol nor LPS modified the cytosolic location of NXN in untransfected cells. Ethanol induced NXN nuclear translocation by 1.2 fold change (p = 0.005) in NXN-transfected cells compared to NXN-transfected controls (Fig. 5B) . Although there was an increment tendency induced by ethanol alone or in combination with LPS in untransfected cells, they were not significant. As evaluated in in vivo model, we then determined the effects of ethanol and/or LPS on DVL variant proteins. While DVL1 was undetected, DVL2 and DVL3 levels were clearly observed but DVL3 signal was stronger than DVL2. Neither ethanol nor LPS significant modified their expression levels (Fig. 5C) .
To determine the effects of ethanol and LPS on oxidative stress parameters, we then evaluated ROS and GSH levels in the co-culture system. We found that ethanol either alone or in combination with LPS significantly induced ROS levels (ethanol 1.4; LPS 1.3; and ethanol plus LPS 1.5 fold change compared to controls, p < 0.001) in untransfected cells (Fig. 6A) . Interestingly, neither ethanol nor LPS alone or in combination induced ROS levels higher than NXN-transfected controls. On the other hand, both ethanol and LPS alone or their combination induced at least 1.6 (p < 0.001) fold change the levels of GHS in untransfected cells compared to controls (Fig. 6B ). Even though ethanol or/and LPS significantly (p < 0.01) induced GSH levels in NXNtransfected cells compared to NXN-transfected controls, these inductions were 26, 30 and 13% (p < 0.001) less than those induced in untransfected cells compared to the same treatments.
NXN overexpression prevents NXN/DVL complex disruption and PI(4) P production induced by both ethanol and LPS in HCS/VL17A co-culture
To explore whether ethanol and/or LPS have similar oxidative injury effects in vitro than in mice liver, we investigated the effects of those reagents on DVL/NXN complex and in PI(4)P production in the co-culture system. In our previous results, we showed that from DVL variant proteins, DVL3 was the strongest variant expressed in the coculture system (Fig. 5C) . Based on that, we immunoprecipitated DVL3 and determined its binding complex status with NXN, FZD and PI4K2A. As expected, in NXN-transfected cells NXN protein was co-precipitated more than 1.5 fold change (p < 0.001) compared to untransfected controls (Fig. 7A-B) . NXN/DVL3 binding complex was disrupted by 15 (p = 0.002), 21 (p = 0.03) and 15% (p = 0.04) in ethanol, LPS and their combination, respectively, compared to the same treatment in untransfected cells. In NXN-transfected cells, LPS alone or in combination with ethanol significantly increased NXN co-precipitation by 1.2 fold change (p < 0.001) and the ratio of NXN/DVL3 binding complex was 20% higher compared to NXN-transfected control cells. Ethanol, Fig. 5 . Ethanol and LPS effects on cytosolic and nuclear NXN, and DVL variants expression levels in the HSC/VL17A co-culture system. Total, cytosolic and nuclear proteins extracted from co-cultures transfected either with EV or NXN expressing vector and exposed to ethanol and/or LPS were used for western blot analyses. While total and cytosolic protein levels were normalized to β-actin that of nuclear protein was normalized to Lamin B expression levels; these were used as housekeeping controls. Three independent experiments were carried out in duplicated. Values are expressed as fold change compared to controls. Bars represent the mean ± SE. Statistically different from * C and # N groups, p < .05. C, Control; E, Ethanol; L, LPS; EL, Ethanol plus LPS. These groups were transfected with EV which were called untransfected cells. N, NXN-transfected cells; these cells were also exposed to E, L and EL treatments; NE, NL and NEL, respectively.
LPS and their combination significantly (p = 0.03) increased DVL3/ FZD complex ratio compared to untransfected controls. However, in NXN-transfected cells this ratio decreased 32, 40 and 50% (p < 0.001) by ethanol LPS and their combination, respectively, compared to NXNtransfected and untransfected controls (Fig. 7A, C) . The ratio of DVL3/ PI4K2A binding complex was increased 2.1 (p = 0.02) and 2.3 (p = 0.007) fold change by ethanol and ethanol plus LPS, respectively, in untransfected cells compared to controls. In NXN-transfected cells ethanol and LPS also increased 2.1 (p = 0.01) and 2.1 (p = 0.02) fold change this binding ratio; interestingly, combination of ethanol plus LPS disrupted the DVL3/PI4K2A binding ratio (Fig. 7A, D) . Similar than in total protein analysis (see Fig. 5C ), DVL3 level by immunoprecipitation analysis was not significantly changed although combination of LPS with ethanol trended to decrease it in untransfected cells (Fig. 7A, E) . Finally, to investigate whether the alteration of DVL/ FZD/PI4K2A complex modified the production of PI(4)P, we measured it by ELISA in the co-culture system. We found that only ethanol increased 1.5 fold change PI(4)P production (p = 0.01) in untransfected cells compared to controls. Interestingly, in NXN-transfected cells PI(4) P production was not induced by any reagent but instead, ethanol in combination with LPS decreased its level 53% (p = 0.002) compared to untransfected control cells, and 47% (p = 0.03) compared to NXNtransfected controls. All treatments in NXN-transfected cells, significantly decreased PI(4)P production compared to the same treatment in untransfected cells (Fig. 7F ).
Discussion
Multiple evidences support the causative involvement of oxidative stress produced by the chronic ethanol consumption in the ALD progression. Ethanol has the ability to produce high levels of ROS, deplete endogenous antioxidants and increase oxidative injury biomarkers [29] . In this investigation we used both in vivo and in vitro models to explore the oxidative stress effects of ethanol on NXN/DVL redox-sensitive interaction. Recently, we have shown that acetaldehyde-induced fibrogenesis is associated to the imbalance of NXN/DVL interaction ratio [14] . With this evidence, we proposed that chronic ethanol consumption could be targeting NXN/DVL redox-sensitive interaction. Both ethanol and two-hit model increased Nxn protein and mRNA levels, and 4-HNE adducts production; and two-hit model but not ethanol alone provoked Nxn nuclear translocation (Figs. 1 and 3) . Conversely, ethanol alone induced NXN nuclear translocation in transfected cells (Fig. 5 ). This NXN behavior was first described when this gene was cloned and its protein product was mainly localized into the nucleus of NXNoverexpressing cultured cells [30] . In both untransfected and transfected cells, ethanol but not LPS alone or in combination with ethanol induced NXN protein levels; this increment was accompanied with increased ROS and GSH levels in untransfected cells but these two parameters were also induced by LPS (Figs. 4 and 6 ). Contrary to ROS, GSH levels were increased even in NXN-transfected cells but this increment was less than the same treatment of untransfected cells. Considering 4-HNE and ROS as pro-oxidative and GSH as anti-oxidative parameters, our present findings confirm the potential of ethanol to imbalance the redox status in the liver, implying that ethanol and twohit model have differential effects on Nxn compartmentalization in liver cells, and reveal that NXN overexpression reduces the oxidative stress promoted by ethanol in vitro. Upon WNT signaling activation, DVL plays a key role to activate β-catenin nuclear translocation by disassembling its destruction complex [27] . By treating cell cultures with H 2 O 2 and acetaldehyde, it has been shown that NXN regulates the recruitment of DVL to FZD/low density lipoprotein receptor-related protein-6 (LRP6) complex in a redox-dependent mechanism [9, 14, 27] . Dishevelled has three well-characterized murine isoforms (Dvl1, Dvl2 and Dvl3), broadly expressed in both embryonic development and adult tissues [27] . Our in vivo results show that in spite of the fact that all three Dvl mRNAs isoforms were expressed in the mice liver, only Dvl3 expression was significantly induced by ethanol. This result was confirmed at protein level also showing a differential expression in response to ethanol or LPS exposure (Fig. 2) . Thus, our results demonstrate that each Dvl isoform may operate in a unique way to various stimuli although they all may work as a network [31] .
It is well-known that Wnt signaling pathway might participate in the regulation of different cellular processes of cell proliferation and metabolism including lipid metabolism, among others [32, 33] . In this regard, the formation of some PI, the phosphorylated product of a class of lipids called phosphatidylinositol, is regulated through Dvl participation. Recently, it was reported that Fzd/Dvl interaction can stimulate the formation of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ] by sequential actions of PI-4-kinase type II (PI4K2a) and PI-4-phosphate 5-kinase type I (PIP5KI). In this process Dvl directly interacts with the activated form of PI4K2a; thus, all these proteins form a complex upon Wnt3a stimulation and the resultant PI(4,5)P 2 is required for Wnt3a-induced clustering and phosphorylation of LRP6 [34] . Subsequent analyzes by the same group showed that production of PI(4)P also dependents on Fzd/Dvl/PI4K2a/PIP5KI complex formation and allows the efficient production of PI(4,5)P 2 [21] . Herein we investigated the effects of ethanol and LPS on the status of NXN/DVL interaction and the resultant FZD/DVL/PI4K2A complex formation both in vivo and in vitro. Our results clearly show that ethanol decreased Nxn/Dvl interaction ratio and as expected, it stimulated the interaction of Dvl with Fzd and its subsequent binding to Pi4k2a in vivo (Fig. 3) . Similar effects were observed in vitro since ethanol and LPS treatments also disrupted NXN/ DVL interaction while ethanol preferentially stimulated FZD/DVL/ PI4K2A complex formation. Interestingly, NXN overexpression Control; E, Ethanol; L, LPS; EL, Ethanol plus LPS. These groups were transfected with EV which were called untransfected cells. N, NXN-transfected cells; these cells were also exposed to E, L and EL treatments; NE, NL and NEL, respectively.
prevented the complex formation by sequestering DVL and impeding its binding to FZD and PI4K2A proteins (Fig. 7) . Parallel to this molecular mechanism we also determined whether the modification of NXN/DVL interaction ratio and its downstream effects were in response to the elevated levels of oxidative stress produced by ethanol and/or LPS. Accordingly, 4-HNE (Fig. 3 ), ROS and GSH (Fig. 6 ) levels were elevated by ethanol and/or LPS in vivo and in vitro models, respectively. Again, these inductions were suppressed in NXN overexpressed cells (Fig. 6 ).
An intriguingly result that we obtained was the fact that the disrupted Nxn/Dvl interaction ratio and Fzd/Dvl/Pi4k2a complex formation stimulated by ethanol were surprisingly reverted by two-hit model; a model that mimics the effects of an acute endotoxemia observed in ALD [35] . It is well-known that toll-like receptors (TLRs) facilitate innate immune responses for the initial host defense against endotoxins released by microorganisms [36] . Intestinal microflora are the source of circulating endotoxins such as LPS, and the gut barrier dysfunction leading to elevated intestinal permeability is considered the main cause of endotoxemia in ALD [35] . Although the liver is constantly exposed to LPS from the intestinal microflora, inflammation is not apparent in the healthy liver because of an immunological adaptation process called hepatic tolerance [37] . Recently, it has been shown that low doses of LPS pretreatment attenuated the liver injuries induced by diethylnitrosamine via TLR4 participation in mice and this phenomenon was associated to hepatic tolerance [38] . Additionally, upon LPS stimulation, LPS binds to TLR4 and induces both the recruitment of MYD88 to TLR4 to regulate inflammation by the activation of NF-κB transcription factor and, the interaction of FLII with MYD88 through NXN to avoid the undesirable activation [10] . Together, these supporting data allow us to propose that the interference/reversal of ethanol effects by two-hit model might be first, because of the development of hepatic tolerance with a single LPS administration that might be broken after chronic endotoxin exposure [39] ; secondly, it is plausible that after LPS administration, NXN is required to regulate additional molecular events such as the acute activation of TLR4/MYD88-dependent function; for this end, NXN initiates a prioritization of the molecular events to regulate. Because LPS administration aims to enhance subsequent toxic effects induced by ethanol and to mimic the acute endotoxemia effects in ALD, NXN increases its signaling-regulating activity and prioritizes its interaction with DVL and with FLII and MYD88 in order to avoid the hyperactivation of DVL-dependent signaling and TLR4/MYD88 pathway. Further studies are required to understand these mechanisms. Our present concept is supported by the fact that two-hit model also induced NXN expression and nuclear translocation as a mechanism to protect the nuclei from the acute injuries boosted by LPS in the liver microenvironment (Fig. 1) . In contrast, the interference of ethanol acute administration on LPS-induced inflammatory response has already been demonstrated [40] . Ethanol inhibits TLRs signaling when a potent LPS dose was provided during ethanol acute intoxication. Thus, our results suggest that ethanol redistributes TLR4 and reorganizes the actin cytoskeleton, thereby impairing the receptor clustering. This effect blunts the full activation of TLR4-mediated downstream signaling, such as NF-κB pathways involved in the inflammatory response [40] . Collectively, these evidences indicate that while ethanol disrupts NXN/ DVL homeostatic status to allow FZD/DVL/PI4K2A complex formation, an event initiated by ethanol-induced oxidative stress, two-hit model partially interferes on ethanol effects allowing NXN to move where it is preferentially required and avoid more severe liver alterations; thus, NXN might be acting as a part of TLR4-dependent molecular pool to aid the initial defense against oxidative stress. Accordingly, the overexpression of NXN decreases oxidative stress parameters by functioning as ROS scavengers cooperatively with endogenous GSH in the co-culture microenvironment. The fact that GSH and ROS levels were diminished in NXN-overexpressing cells exposed to stressor reagents supports this concept (Fig. 6 ).
Phosphoinositides have key regulatory roles in cell physiology including signal transduction, regulation of membrane trafficking, migration, among others [41, 42] . There are evidences showing that a number of infectious agents hijack the PIs regulatory systems of host cells for their intracellular movements, replication, and assembly [41] . Here, we investigated whether PIs are targeted by chronic ethanol consumption through determining its effect on FZD/DVL/PI4K2A complex formation and the subsequent PI(4)P production. Although two-hit model reversed the complex formation we found that not only ethanol but also two-hit model increased PI(4)P production. Even though several evidences have shown that altered expression and/or activity of enzymes that regulate PIs metabolism such as phosphoinositide 3-kinase (PI3K)/phosphatase and tensin homolog (PTEN), are linked to the development of several hepatic diseases [43] ; to our knowledge, there is no evidence showing the direct participation of PIs in ALD. Our results show that PI(4)P, a precursor of PI(4,5)P 2 , was increased by ethanol and two-hit model in vivo and by ethanol in vitro, predominantly through the participation of NXN since its overexpression in vitro abolished this effect (Figs. 3 and 7) . These results also suggest that PI(4)P induced by chronic ethanol consumption might sensitize and facilitate the viral entrance into the liver of chronic alcoholics [41] , since it is well-known that the endocytosis of several pathogens such as hepatitis C virus uses the same routes by which cell surface proteins enter the endocytic pathways and hence, rely upon a PI that depends on PI(4)P, PI(4,5)P 2 [44] . Thus, the increment of PIs by chronic ethanol consumption might greatly impact on the ALD progression because of its role on the cell physiology and on the sensitization of the liver tissue towards viral infections. To proof this concept further investigations are needed.
When there is a low blood ethanol concentration, it is primarily metabolized in the liver by the low Km alcohol dehydrogenase (ADH) enzyme [45] . However, at excessive ethanol levels, its metabolism is catalyzed by the high Km enzyme CYP2E1. Both enzymes are mainly expressed in the hepatocytes [46] . Although, primary hepatocyte cultures are an excellent system for acute ethanol studies, they eventually lose their ability to metabolize ethanol because of a significant expression decline of these enzymes [19] . VL17A cells express stable catalytically active CYP2E1 and ADH1, and thereby exhibit an enzymatic phenotype similar to hepatocytes in alcoholics [19] . Even though HSC express low levels of ADH, they do not express CYP2E1 [47] ; thus, co-cultures of VL17A cells and HSC represent a promising model to describe ALD-associated redox alterations since ethanol metabolism by VL17A cells leading to oxidative stress, which in turn activates HSC to boost the oxidative damage in the liver [48] . The usefulness of cocultures is supported by the fact that the well-functioning of the liver is orchestrated by close interaction among different kinds of liver cells. Thus, the elucidation of true correlation of molecular events among various types of liver cells operating in the whole organ in vivo cannot be unraveled by studies involving only one type of liver cells in culture. Therefore, co-cultures including two cell types represent a closer link with in vivo models. In this regards, hepatic co-culture systems have already been used for different investigation purposes. For example, coculture including primary HSC and Kupffer cells show the importance of immune cells in the regulation of fibrogenesis [49] ; co-culture including HSC and endothelial cells demonstrate the role of HSC in angiogenesis [50] ; co-culture including hepatocytes and HSC show that cell-to-cell proximity enhances the initiation of fibrogenesis stimulated by fatty accumulation [51] and more recently; co-culture including endothelial cells and HepG2 cells demonstrate hepatic tissue engineering [52] . Here, we used a human co-culture system consisting of primary HSC and VL17A cells to investigate the role of oxidative stress generated by ethanol metabolism on a redox-regulated molecular mechanism. This co-culture system expresses ADH and CYP2E1 enzymes, whose expressions are almost nonexistent in primary hepatocyte cultures; thus, VL17A cells exhibit an enzymatic phenotype similar to normal human hepatocytes. Additionally, HSC represent a hepatic element that provides a closer link with in vivo situations where ethanol effects are explored. Based on our results, this co-culture system is viable to complement studies from ALD in vivo. Although the co-culture is bearing two stable transfected plasmids; it is still transfectable to be maintained for prolonged periods and therefore we suggest it might be useful for the study of others molecular phenomena related to ALD.
In summary, we describe a mechanism by which ethanol disrupts NXN/DVL homeostatic status and induces FZD/DVL/PI4K2A complex Fig. 8 . Model of ethanol effect on NXN/DVL and FZD/DVL/PI4K interactions, PI(4)P production, and their regulation by NXN overexpression. It is well-known that ethanol metabolism by liver cells mainly produces acetaldehyde (ACH) and ROS, among others sub-products. Our proposed model strongly suggests that elevated ROS levels disrupt NXN/DVL redox sensitive interaction allowing FZD/DVL/PI4K complex formation and binding into LPR6 transmembrane receptor. The formation of this complex in turn stimulates PI(4)P production. Chronic ethanol exposure also increases NXN and DVL protein levels and, preferentially by in vivo Ethanol/Binge model effect, NXN is translocated into the nucleus. These events are negligible in control liver cells because the endogenous antioxidant defense systems effectively neutralize oxidative stress thus maintaining the normal homeostatic functioning of NXN. Transfection of NXN expressing vector revels that the molecular alterations induced by ethanol exposure might be partially reverted by the overexpression of NXN in the co-culture system. Dotted arrows indicate the disruption of NXN/DVL interaction by high ROS levels. Molecules indicated in grey were not evaluated.
formation to allow PI(4)P production (Fig. 8) . These results provide a new mechanism showing that NXN also participates in the regulation of PI production altered by ethanol during ALD progression. We also demonstrate that ethanol and LPS treatments similarly disrupt NXN/DVL interaction ratio and differentially stimulate FZD/DVL/PI4K2A complex formation interactions. These alterations were modified by NXN overexpression in the co-culture system including ROS levels. Finally, based on our present findings and on the broad spectrum of molecular processes that NXN is involved in, we propose that NXN might be a master redox regulator in the cell physiology.
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